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Electromagnetic Radiation from a 

Quark Gluon Plasma
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Outline

• Understanding and Modelling QCD and its properties

• The experimental methods: Relativistic Heavy Ion Collisions

• The golden probe of Quark Gluon Plasma:

Electromagnetic Radiation

• Temperature of the matter

• Medium modifications of EM spectral functions
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Evolution of the Universe

Nucleosynthesis builds nuclei up to He

Nuclear Force…Nuclear Physics

Universe too hot for electrons to bind

E-M…Atomic (Plasma) Physics

E/M 

Plasma

Too hot for quarks to bind!!!

Standard Model (N/P) Physics

Quark-

Gluon

Plasma

Too hot for nuclei to bind

Nuclear/Particle (N/P) Physics Hadron

Gas

Solid

Liquid

Gas

Today’s Cold Universe

Gravity…Newtonian/General Relativity



The “Little Bang” in the lab
• High energy nucleus-nucleus 

collisions: 

– fixed target (SPS: √s=20GeV)

– colliders 

• RHIC: √s=200GeV 

• LHC: √s=5.5TeV

• QGP formed in a tiny region 

(10-14m) for very short time (10-23s)

– Existence of a mixed phase?

– Later freeze-out

• Collision dynamics: different 

observables sensitive to different 

reaction stages

• 2 counter-circulating rings, 3.8 km 
circumference

• Top energies (each beam):
– 100 GeV/nucleon Au+Au.

– 250 GeV polarized p+p.

– Mixed Species (e.g. d+Au)



Energy density in heavy ion collisions

Energy density: “Bjorken estimate” (for a longitudinally expanding plasma):

init~ 15 GeV/fm3>c

• Large Transverse Energy

• Parton Energy Loss

• Parton Elliptic Flow



Electromagnetic Radiation

time

 

hard parton scattering

AuAu

hadronization

freeze-out

formation and 

thermalization 

of quark-gluon

matter?

Space

Time Jet ccgg e mf p K p Lp

• Thermal black body radiation (g, g*e+e-)

– Hot matter emits thermal radiation

– Temperature can be measured from emission spectrum

• No strong final state interaction

– Leave reaction volume undisturbed and reach detector

• Emitted at all stages of the space time development 

– Information must be deconvoluted



Thermal photons (theory prediction)

• High pT (pT>3 GeV/c) pQCD 

photon

• Low pT (pT<1 GeV/c)

photons from hadronic Gas

• Themal photons from QGP is 

the dominant source of direct 

photons for 1<pT<3 GeV/c

• Recently, other sources, such 

as jet-medium interaction are 

discussed

• Measurement is difficult since 

the expected signal is only 

1/10 of photons from hadron 

decays

S.Turbide et al PRC  69  014903 
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Blue line: Ncoll scaled p+p cross-section

Direct Photons in Au+Au

Au+Au data consistent with pQCD 

calculation scaled by Ncoll

Direct photon is measured as 

“excess” above hadron decay 

photons

Measurement below pT<3 GeV/c is 

difficult since the yield of thermal 

photons is only 1/10 of that of 

hadron decay photons

PRL 94, 232301 (2005)

9



Alternative method --- measure virtual photons

• Source of real photon should also 

be able to emit virtual photon

• At m0, the yield of virtual photons 

is the same as real photon

 Real photon yield can be measured from 

virtual photon yield, which is observed 

as low mass e+e- pairs

• Advantage: 

– Reduce hadron decay background 

For m>mp, ~80% of background 

removed

– photon ID, energy resolution, etc

• Disadvantage

– Reduce the yield (~ a/3p ~ 1/1000) 

e- e+

• This method is first tried at CERN 

ISR in search for direct photon in 

p+p at s1/2=55GeV. They measure 

e+e- pairs for 200<m<500 MeV, 

and set one of the most stringent 

limit on direct photon production at 

low pT

• Later, UA1 measured low mass 

muon pairs and deduced the direct 

photon cross section.



What we can learn from lepton pair emission

Emission rate of dilepton per volume

Boltzmann factor

temperature
EM correlator

Medium property

gee 

decay

Hadronic contribution

Vector Meson Dominance

qq annihilation 

Medium modification of meson

Chiral restoration

From emission rate of dilepton, the medium effect on the EM correlator as well as 

temperature of the medium can be decoded.

arXiv:0912.0244

Thermal radiation from

partonic phase (QGP)
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e+

e-

e+
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g



Relation between dilepton and virtual photon

Emission rate of dilepton per volume

Emission rate of (virtual) photon per volume

Relation between them

Virtual photon emission rate can be determined from dilepton emission rate 

For M0, ng*  ng(real); real photon emission rate can also be determined

M ×dNee/dM gives virtual photon yield

Dilepton virtual photon

Prob. g*l+l-

This relation holds for the 

yield after space-time 

integral

arXiv:0912.0244 



Theory prediction of dilepton 

emission

Vacuum EM correlator

Hadronic Many Body theory

Dropping Mass Scenario

q+q g
ee (HTL improved)

(q+gq+g
qee not shown)

Theory calculation by Ralf Rapp

dMdydpp

dN

tt

ee at y=0, pT=1.025 GeV/c

Usually the dilepton emission is 

measured and compared as 

dN/dpTdM

The mass spectrum at low pT is 

distorted by the virtual 

photonee decay factor 1/M, 

which causes a steep rise near 

M=0

qq annihilaiton contribution is 

negligible in the low mass region 

due to the M2 factor of the EM 

correlator

In the caluculation, partonic

photon emission process

q+gq+g
qe+e- is not included 

1/M

g*ee

qqg*e+e-

≈(M2e-E/T)×1/M

arXiv:0912.0244 



Virtual photon emission rate

dydpp

dN

dMdydpp

dN
M

tttt

ee
*g

 at y=0, pT=1.025 GeV/c

dydpp

dN

tt

g

Vacuum EM correlator

Hadronic Many Body theory

Dropping Mass Scenario

q+q annihilaiton (HTL improved)

The same calculation, but 

shown as the virtual photon 

emission rate.

The steep raise at M=0 is 

gone, and the virtual photon 

emission rate is more 

directly related to the 

underlying EM correlator.

When extrapolated to M=0, 

the real photon emission 

rate is determined.

q+gq+g* is not shown; it 

should be similar size as 

HMBT at this pT

Real photon yield
Turbide, Rapp, Gale PRC69,014903(2004)

q+g  q+g* ?

qqg*

≈M2e-E/T

arXiv:0912.0244



PHENIX Physics Capabilities

• 2 central arms: 

electrons, photons, hadrons

– charmonium  J/, ’ > ee

– vector meson r w f > ee

– high pT po p p

– direct photons
– open charm
– hadron physics

• 2 muon arms: muons
– “onium” J/, ’,  > mm

– vector meson f > mm

– open charm

• combined central and muon arms:

charm production  DD > em
• global detectors 

forward energy and multiplicity
– event characterization

designed to measure rare probes: + high rate capability & granularity

+ good mass resolution and particle ID

- limited acceptanceAu+Au &   p+p spin

PC1

PC3

DC

magnetic field &

tracking detectors

e+
e

p
g



Dilepton Signal
• Low Mass Region: mee < 1.2 GeV/c2

–Dalitz decays of pseudo-scalar mesons 

–Direct decays of vector mesons 

–In-medium decay of r mesons in the 

hadronic gas phase 

• Intermediate Mass Region: 
1.2 < mee < 2.9 GeV/c2

–correlated semi-leptonic decays of charm 

quark pairs

–Dileptons from the QGP

• High Mass Region: mee> 2.9 GeV/c2

–Dileptons from hard processes

•Drell-Yan process

• correlated semi-leptonic decays of heavy 

quark pairs

•Charmonia

•Upsilons

HMR probe the initial stage 

–Little contribution from thermal radiation

• LMR: mee < 1.2 GeV/c2

o LMR I (pT >> mee)

quasi-real virtual photon region. Low 

mass pairs produced by higher order 

QED correction to the real photon 

emission

o LMR II (pT<1GeV)

Enhancement of dilepton discovered at 

SPS (CERES, NA60)



Hadronic Cocktail Measurement

arXiv: 0802.0050
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• Parameterization of PHENIX p±,p0 data 

p0 = (p++p-)/2

• Other mesons:fit with mT scaling of π0

pT→√(pT
2+mmeson

2-mπ
2) 

fit the normalization constant

All mesons mT scale!!!

• Hadronic cocktail was well tuned to 

individually measured yield of mesons 

in PHENIX for both p+p and Au+Au

collisions.

• Mass distributions from hadron decays 

are simulated by Monte Carlo.

– p0, h, h’, w, f, r, J/, ’ 

• Effects on real data are implemented.…



Cocktail Comparison p+p
Light hadron contributions subtracted

Heavy Quark Cross Sections:

• Charm: integration after cocktail subtraction 
σcc = 544 ± 39stat ±142syst ± 200model μb

• Simultaneous fit of charm and bottom:
– σcc = 518 ± 47stat ± 135 syst± 190model μb

– σbb = 3.9 ± 2.4stat +3/-2syst μb

• Charm cross section from single electron 
measurement [PRL97, 252002 (2006)]:

– σcc = 567 ± 57 ± 193 μb 

• 2.25pb-1 of triggered p+p data

• Data absolutely normalized

• Excellent agreement with Cocktail

• Filtered in PHENIX acceptance

PLB 670,313(2009)

arXiv:0912.0244

PLB 670,313(2009)



Cocktail Comparison Au+Au
• Low Mass Region:

large enhancement 150 <mee<750 MeV

4.7±0.4stat ±1.5syst ±0.9model

• Intermediate Mass Region:

dominated by charm (Ncoll x scc)

•PYTHIA

•Random cc correlation

• Single electron measurement 

• High pT suppression

• Flow

Expected modifications in the pair 

invariant mass

 random cc correlation?

Room for thermal 

contribution?
• 800M min.Bias Au+Au events

• Data absolutely normalized

• Light hadrons cocktail 

• Charm normalized Ncoll x spp

Filtered in PHENIX acceptance

arXiv:0912.0244



• p0 region:

consistent with cocktail

• Low Mass Region:

yield increases faster than proportional to Npart

 enhancement from binary annihilation 
(ππ or qq) ?

Centrality DependencearXiv:0912.0244

arXiv:0912.0244



Momentum Dependence

• p+p in agreement with cocktail

• Au+Au low mass enhancement concentrated at low pT

p+p Au+AuarXiv:0912.0244



LMR I: Virtual Photons 
• Any source of real g can emit g* with very low mass.
• If the Q2 (=m2) of virtual photon is sufficiently small, the source strength should be 

the same

• The ratio of real photon and quasi-real photon can be calculated by QED

 Real photon yield can be measured from virtual photon yield, which 
is observed as low mass e+e- pairs
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•
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• Possible to separate hadron decay 

components from real signal in the proper 

mass window.
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Determination of g* fraction, r
r = direct g*/inclusive g*

determined by fitting the following function for each pT bin.

       eedirecteecocktaileedata MfrMfrMf  1

arXiv:0804.4168

arXiv:0912.0244

• fdirect is given by Kroll-

Wada formula with S = 1.

• fcocktail is given by cocktail 

components

• Normalized to the data for 

m<30 MeV/c2

• Fit in 120-300MeV/c2

(insensitive to p0 yield)

– Assuming direct g* mass 

shape

• c2/NDF=12.2/6



Direct measurement of S(mee, pT)

Au+Au 200 GeV Vaccuum
HMBT

@ pt=1.025 GeV/c Drop mass

qq
dMdpp

dN
M

tt

ee

No indication of strong modification of EM 

correlator at this high pT region

(presumably the virtual photon emission is 

dominated by hadronic scattering process 

like p+rp+g* or q+gq+g*)

Extrapolation to M=0 should give the real 

photon emission rate

arXiv:0912.0244



Fraction of direct photons

μ = 0.5pT

μ = 1.0pT

μ = 2.0pT Base line
Curves : NLO pQCD 

calculations with different 

theoretical scales done by 

W. Vogelsang.

   T

hadron

T

NLO

T

NLO dpddpddpd //// ggg sss 

p+p

• Consistent with NLO pQCD

– better agreement with small µ

Au+Au

• Clear enhancement above NLO 

pQCD

p+p Au+Au
arXiv:0804.4168

arXiv:0912.0244



Direct Photon Spectra

• Direct photon

– real (pT>4GeV)

– virtual (1<pT<4GeV & 

mee<300MeV) 

• pQCD consistent with p+p 

down to pT=1GeV/c

• Au+Au above Ncoll x p+p 

for pT < 2.5 GeV/c

• Au+Au = pQCD + exp: 

Tave = 221  19stat  19syst MeV

exp + TAA scaled pp

NLO pQCD (W. Vogelsang)

Fit to pp

arXiv:0804.4168

arXiv:0912.0244



• From data: Au+Au = pQCD + exp: 

Tave = 221  19stat  19syst

• Comparison to hydrodynamical

models:

• pT<3 GeV/c thermal contribution 

dominates over pQCD.

• Assume formation of a hot QGP with 

300 MeV < Tinit < 600 MeV

0.6 fm/c < t0< 0.15 fm/c

• Models reproduce the data within a 

factor of two. 

Comparison to Hydro models

TC from Lattice QCD

arXiv:0912.0244

From data:       Tini > 220 MeV > TC

From models:   Tini = 300 to 600 MeV

t0 = 0.15 to 0.5 fm/c 



• Consistent with flat

S(mee) const

• <R>=0.177±0.032

• Consistent with 

higher pT values 

Large and 

broad 

enhancement

 S(mee) no 

longer const

LMR IIarXiv:0912.0244 arXiv:0912.0244



Extrapolate the spectrum of direct photons

• For 0.8 < pT < 1.0 GeV/c

<R> = 0.177±0.032

consistent with higher pT

• Decay photons spectrum

steeper than direct g spectrum

At lower pT, 

the expected direct photon fraction  
r = direct g / inclusive g = direct g / (direct + decay) g ≤ 0.17 

• For 0.4 < pT < 0.6 GeV/c

R(m) > 0.17

The enhancement in the low pT region is larger than 

that expected from internal conversion of direct 

photons.



p+p Au+Au

• p+p

– Agreement with cocktail + internal conversion of direct photons

• Au+Au

– pT>1GeV/c: small excess  internal conversion of direct photons

– pT<1GeV/c: large excess for 0.3<mee<1 GeV

Low temperature component with strong modification of EM correlator?

Dilepton Spectra

Acceptance-

corrected

arXiv:0912.0244



Average Temperature of the sources
• mT – m0 spectrum of Excess = Data – (cocktail+charm)

• Fit:

T2 consistent with Tg

Direct g

T1 = 92.0   ± 11.4stat ± 8.4syst MeV

T2 = 258.4 ± 37.3stat ± 9.6syst MeV

c2/NDF= 4.00/9

T1 = 86.5 ± 12.7stat +11.0
-28.4syst MeV

Tg = 221 ± 19stat ± 19syst MeV

c2/NDF= 16.6/11

or

low mass enhancement has inverse slope of ~100 MeV.

arXiv:0912.0244



Theory comparison
• pp annihilation + modified r spectral function

– Broadening

– Mass shifting

– Both

• Insufficient to 

explain data

arXiv:0912.0244



Theory comparison II
arXiv:0912.0244

Even when looking 

differentially in various pT

bins the theoretical 

calculations are 

insufficient to explain the 

data

High pT region:

here we isolated a 

contribution arising from

• p+rp+g*

(typically included)

or 

• q+gq+g* 

(not included so far)

Low pT region:

where the enhancement 

becomes large and its 

shape seems 

incompatible with 

unmodified q+gq+g*



Theory comparison III

• The theoretical calculations are insufficient to explain the data

• High pT: they are too soft (except for HSD which does not 

include partonic contribution)

• Low pT: they are too hard to explain the enhancement 

(T~100 MeV)

what is missing ?

arXiv:0912.0244



Summary
• EM probes ideal “penetrating probes” of dense partonic matter created at RHIC

• Double differential measurement of dilepton emission rates can provide

– Temperature of the matter

– Medium modification of EM spectral function

• PHENIX measured dilepton continuum in p+p and Au+Au

p+p

Low Mass Region

• Excellent agreement with cocktail 

Au+Au

Low Mass Region

• Enhancement above the cocktail 
4.7±0.4stat ±1.5syst±0.9model

Intermediate Mass Region

• Extract charm and bottom cross section

• LMR I
deduce photon emission in agreement 
with pQCD

Intermediate Mass Region

• Agreement with PYTHIA: coincidence?

• LMR II
Excellent agreement with cocktail

• LMR II

• Centrality dependency: increase faster 
than Npart

• pT dependency: enhancement 
concentrated at low pT, T ~ 100 MeV

• LMR I
deduce photon emission exponential above 
pQCD, T>200 MeV



The new frontier …

• hotter, larger, longer-lived QGP  wQGP?

• Hard Probes
– Hard parton quenching  

– Quarkonia and photons  T

– jet fragmentation function  g / Z0 + jet

• Probe unexplored small-x region with heavy 
quarks at low pT and/or forward y

• dNch/dh (p+p @ LHC) ~ dNch/dh (Cu+Cu @ RHIC)
 pp-QGP?

“It's still the last frontier you might say. We're still out here dancing on the edge 

of the world.“ (Lawrence Ferlinghetti)

3-42> 1T / Tc

2x1047x103103Vf(fm
3)

15- 605-103 (GeV/fm3)

1-3103700430dNch/dy

550020017s (GeV) 

LHCRHICSPSCentral collisions • RHIC upgrades (STAR/PHENIX)

Quantitative analysis of sQGP

New regions in the phase-space

• e-RHIC: electron – ion collider

• Momentum distribution of 

gluons G(x,Q2)

• Space-time distributions of 

gluons in matter

• Interaction of fast probes with 

gluonic medium?

• Role of color neutral excitations 

• LHC

• FAIR

Search for the critical point



On the Map

Tc ~ 170 MeV;  ~ 1 GeV/fm3

100
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At these temperature, QGP is “perfect” liquid.

At higher temperature, it can become “gas”



EM Probes at LHC 

• At higher dN/dy thermal radiation from 

hadron gas dominant for m<1GeV

• For m>1GeV relatively stronger QGP 

radiation: 

comparable to DD but energy loss???

DILEPTONS
PHOTONS

Low pT

• Thermal/bulk photons (QGP + hadronic phase)

• Photons from jet-medium interactions 

– Jet-photon conversion, Induced photon bremsstrahlung

– Cross sections forward/backward peaked

– Yields approximately proportional to the jet distributions 

Sensitivity to early time jet distributions

– Longer path lads to increased production  Negative v2

High pT

• Prompt photons from initial hard processes

– No final state effects at all.

• Fragmentation/vacuum bremsstrahlung

– Sensitivity to medium effects in the final state

H.Van Hees and R.Rapp

S.Turbide



The End



Charm and bottom cross sections

CHARM BOTTOM

Dilepton measurement in agreement 

with single electron, single muon, and 

with FONLL (upper end)

Dilepton measurement in agreement with 

measurement from e-h correlation and 

with FONLL (upper end)

First measurements of bottom 

cross section at RHIC energies!

PLB670,313(2009)

PRL103,082002



Future EM Measurements at RHIC
• Improve measurement in the LMR

 reduce combinatorial background

 Hadron Blind Detector

– HBD is fully operational

– Proof of principle in 2007

– Successful data taking with p+p 2009

– Ready for large Au+Au data set in 2010 

(which is starting right now)

• Improve measurement in the IMR

 disentangle charm and thermal contribution

 Silicon Vertex Detector

– Coming soon...

signal electron

Cherenkov 

blobs 

partner positron

needed for rejection e+

e-

qpair

opening 

angle



The Analysis



Electron Identification 
– emission and measurement of 

Cherenkov light in the Ring 

Imaging Cherenkov detector                                 

→ measure of min. velocity

– production and of EM shower in 

the Electro- Magnetic 

Calorimeters (PbSc, PbGl)                 

→ measure of energy E

Energy-Momentum

All charged tracks

Background

Net signal

Real

RICH cut

•electron: E ≈ p

•hadron: E < p

•after RICH cuts, clear electron signal

•cut on E/p cleans electron sample!

•background

•photon conversions

•random associations (next slide)

•main background source: random 

combination of hadron track/shower with 

uncorrelated RICH ring

•“standard” subtraction technique: flip-and-

slide of RICH

•swapped background agrees in shape 

with E/p distribution of identified hadrons

•background increases with detector 

occupancy (can reach ~30 % in central                                                

Au+Au collisions)



Photon conversion rejection
Conversion removed with  

orientation angle of the pair in the 

magnetic field

ge+e- at r≠0 have m≠0

(artifact of PHENIX tracking: 

no tracking before the field)

• effect low mass region

• have to be removed
z

y

x e+
e-

B
Conversion pair

z

y

x
e+

e-

B

Dalitz decay



Overlapping pairs
• when a pion points to the same ring as an 

electron, it is associated to the same ring, 

therefore considered an electron

This happens for a typical values of 

opening angle (different for like and 

unlike) which folded with the average 

momentum of the electron corresponds to 

a particular invariant mass (different for 

like and unlike) 

 cut: requested minimum distance 

between the rings (~1 ring diameter)

• Cut applied as event cut
• Real events: discarded and never reused

• Mixed events: regenerated to avoid 
topology dependence



Background shape: like sign

--- Foreground: same evt  N++

--- Background: mixed evt B++

• Shape determined with event 

mixing

• Excellent agreements for like-

sign pairs

• Normalization of mixed pairs

• Small correlated background at 

low masses 

• normalize B++ and B− − to N++

and N− − for mee > 0.7 GeV/c2

• Normalize mixed B+ − pairs to

N+- = 2√N++N--

• Subtract correlated background

• Systematic uncertainties

• statistics of N++ and N-- : 0.12%

• different pair cuts in like and 

unlike sign: 0.2 %



Differential Background studies
Centrality Dependence Transverse Momentum Dependence



Correlated Background
p+p Au+Au

Cross pairs simulated with decay generator

Jet pairs simulated with PYTHIA

normalized to like sign data

same normalization for unlike-sign 

Alternative method

Correct and subtract like sign data



Uncertainty of Background Subtraction

p+p Au+Au



Cross check Converter Method

We know precise radiation length (X0) of each detector material

The photonic electron yield can be measured by increase of 

additional material (photon converter was installed)

The non-photonic electron yield

does not increase

Photonic single electron: x 2.3

Inclusive single electron :x 1.6

Combinatorial pairs :x 2.5

Photon Converter (Brass: 1.7% X0)

Ne   Electron yield

Material amounts: 0

0.4% 1.7%

Dalitz : 0.8% X0 equivalent 
radiation length

0

With converter

W/O converter

0.8%

Non-photonic

Photonic

converter



The raw subtracted spectrum
Same analysis on data sample with additional conversion material

Combinatorial background increased by 2.5

Good agreement within statistical error ssignal/signal = sBG/BG * BG/signal

large!!!
0.25%

From the agreement 

converter/non-converter and 

the decreased S/B ratio  

scale error = 0.15±0.51%

(consistent with the 0.25% 

error we assigned)



Efficiency Correction
p+p Au+Au

Trigger Efficiency (p+p)



Acceptance Correction



Other measurements



• viscous fluid

– supports a shear stress

– viscosity h defined as

– dimensional estimate

• Large cross sections  small viscosity

• early hydrodynamic calculations of the medium at RHIC have assumed 
zero viscosity: h = 0, i.e. a “perfect fluid”

• conjectured lower quantum limit 
– derived first in (P. Kovtun, D.T. Son, A.O. Starinets, Phys.Rev.Lett.94:111601, 2005)

– motivated by AdS/CFT (Anti de Sitter space / Conformal Field Theory)

correspondence (J. Maldacena: Adv. Theor. Math. Phys. 2, 231, 1998)

• “ordinary” fluids

– Gas: h/s↑ for T↑ (because <p> ↑)
divergent viscosity of ideal gas

– Liquid: h/s↓ for T↑ (lower T easier to transport p)

 η/s has a minimum at the critical point?

• “RHIC fluid”?

Viscosity of “near perfect” fluid

y

v

A

F xx




 h

σσ

1

)()(η

p

n
pnmfppn

pathfreemeandensitymomentum





p

h

4




s

(4
p



H2O (at normal conditions):  
h/s ~ 380ћ/4p

He (at l point):  h/s ~ 9 ћ/4p

http://www.nyu.edu/classes/tuckerman/stat.mech/lectures/lecture_21/node6.html
http://www.physicstoday.org/vol-58/iss-5/p23.shtml


ph 4/)8.30.1(/ s

S. Gavin and M. Abdel-Aziz: 

PRL 97:162302, 2006

pTfluctuations STAR

Measuring viscosity
ph 4/)2.12.01.1(/ s

R. Lacey et al.: PRL 98:092301, 2007 

v2 PHENIX 

& STAR
ph 4/)4.24.1(/ s

H.-J. Drescher et al.: arXiv:0704.3553

v2 PHOBOS

conjectured quantum limit

• need observables that are sensitive to 
shear stress

• damping (flow, fluctuations, heavy quark 
motion) ~ h/s

• estimates of h/s based on flow and 
fluctuation data

– indicate small value as well

– close to conjectured limit

– significantly below h/s of helium (4ph/s ~ 9)

• In chiral limit: η/s=15/16p * f4/T
4

– T0: η/s  ∞

– T ∞: η/s ~ 1/g4 where g2 ~ 1/ ln(T/LT)

 Minimum at Tc?



– hard process (mq >> LQCD)

• at leading order (LO):

– quark-antiquark annihilation

– gluon fusion

• higher order processes important at large √s

Open Charm

X
D

, Y’, c

e,m

hep-

ex/0609

010
Theoretical Uncertainty Band

PRL 97, 252002 

(2006)

• comparison with FONLL calculation: 

– Fixed Order Next-to-Leading Log pQCD         
(Cacciari, P. Nason, R. Vogt PRL95,122001 (2005))

• bottom is important at high pT!

• electron-hadron correlations

– sensitive to bottom vs. charm due 
to the different masses of D and 
B mesons

p+p: BASELINE

BOTTOM CONTRIBUTION



PRL 98, 172301 (2007)

Probing the medium in Au+Au

PRL 98, 172301 (2007)

• binary scaling of total e± yield from heavy-flavor decays
 hard process production and no destruction (as expected)

• high pT e± suppression increasing with centrality
– similar to p0 suppression (a big surprise)

ppinYieldN

AuAuinYield
R

binary

AA







PRL 98, 172301 (2007)

e± from heavy flavor

Nuclear modification factor RAA
• similar to light hadrons

!!! kinematics: pT(e±) < pT(D)

–intermediate pT: quark mass hierarchy

–high pT: RAA(e±) ~ RAA(p0) ~ RAA(h)

• bottom contribution at high pT ???

•testing ground for parton energy loss DE models

– radiative DE only

would need a very large colour opacity with static 

scattering centers (odd for b)

– collisional DE included

reduces RAA significantly, but the challenge persists 

(also for light quarks)

•alternative approaches

– collisional dissociation of heavy mesons

– contribution from baryon enhancement

Wicks et al., NPA 784(2007)426

Adil & Vitev, PLB 649(2007)139

Djordjevic et al., PLB 632(2006)81

Armesto et al., PLB 637(2006)362)

Wicks et al., NPA 784(2007)426

van Hees & Rapp, PRC 73(2006)034913)

Adil & Vitev, PLB 649(2007)139

Sorensen & Dong, PRC 74(2006)024902



• suggests
– h/s = (1.3-2.0)/4p

– close to a conjectured                                                                          
lower bound (h/s = 1/4p)

• consistent with other estimates of h/s based on flow and 
fluctuation measurements for light hadrons

PRL 98, 172301 (2007)

• transport of heavy quarks                in 
the medium
– Rapp & van Hees (PRC 71, 034907 (2005))

• small relaxation time required for                       
simultaneous fit of RAA and v2

 diffusion coefficient DHQ

Does charm thermalize?

– Moore & Teaney (PRC 71, 064904 (2005))

• difficulties to describe                               
RAA and v2 simultaneously

• relate DHQ with viscosity                      
density of the medium



Heavy quarkonia at RHIC
• Same suppression observed at RHIC 

(T~400 MeV) and SPS (T~200MeV) !?!

• At RHIC: forward rapidity (where energy 
density should be smaller) suppressed 
more than mid-rapidity !?!

• Coalescence:
cc regeneration compensates screening 
(there are more cc pairs at mid-rapidity)
 J/ψ produced by statistical hadronization at the 
phase boundary as all other hadrons?

• Sequential dissociation:
only ψ’ and χc (~40% feed-down to J/ψ) 
melt
Direct J/ψ survives at RHIC  T0<2Tc

• Saturation could suppress forward J/ψ in 
AuAu



Other dilepton measurements



Dielectron pairs –the history I
low energy

HADES (high acceptance, resolution, rate 

capability): first measurements

Data: R.J. Porter et al.: PRL 79 (1997) 1229 

BUU model: E.L. Bratkovskaya et al.: NP A634 (1998) 168

transport  + in-medium spectral functions

Giessen BUU

DLS measured an excess of dielectron

pairs over the expected yield

Never fully explained excess over standard known sources compared 

with theory calculations

Agreement with DLS 

Excess possibly explained with bremsstrahlung



Dielectron pairs –the history II
high energy

CERES measured an excess of dielectron pairs over the 

expected yield, rising faster than linear with centrality 

Attributed to in-medium modification of r spectral 

function from pp annihilation

Thermal radiation: window 0.5 to 2.5 GeV

• direct photons (HELIOS, WA80/98)

• di-lepton pairs (NA38/50)

Excess of dilepton yield measured above 

charm pairs

DD
_

DY

NA50

Pb-Pb 158 GeV

central collisions

charm DY

The enhancement is 

concentrated at low pT



Dielectron pairs –the history II

III generation
NA60 First measurement of the r spectral function

Clear excess above the cocktail r, centered at the nominal 

r pole and rising with centrality

pT spectra: Steepening at low mT contrary to expectation for 

radial flow; relation to pion spectra?

Monotonic flattening of spectra with mass up to M=1 GeV 

IMR: measurement of 

muon offsets Dm

attributes the IMR 

excess to prompt dimuon

Strong rise of Teff with dimuon mass, 

followed by a sudden drop for M>1 GeV 

Rise reminiscent of radial flow of a 

hadronic source

Drop signals sudden transition 

to low-flow source, i.e. source of  

partonic origin (here qq→mm)


